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We describe modeling of spin-transfer-torque (STT) driven reversal in nanopillars with strong out-of-plane magnetic anisotropy where the free layer is a magnetically hard-soft composite structure. By adjusting the exchange coupling between the hard and soft layers, we observed reduced current amplitude and pulse durations required to reverse the magnetization compared to a homogeneous free layer of comparable thermal stability. The reduction in critical current comes from the increased STT efficiency acting on the soft layer. As such, the switching current is relatively insensitive to the damping parameter of the magnetic hard layer. These properties make composite free layers promising candidates for STT-based magnetic memories. Spin-transfer-torque (STT) based magnetic random access memories (MRAM) are a promising technologies for implementing non-volatile storage in commercial integrated circuits. 1 One of the present challenges in implementing STT-MRAM is the reduction in critical current (I C ), the current required to change the magnetization of the free memory element while maintaining a sufficient thermal stability for non-volatile applications. A reduction in I C is essential for reducing power dissipation and current.
STT devices exhibiting perpendicular anisotropy provide a pathway to low critical current and high thermal stability. 2 In the perpendicular geometry, the critical current for the onset of spin-torque reversal for a macrospin is given by
assuming zero temperature and no applied fields. Here, E B is the energy barrier for reversal, a is the Gilbert damping constant of the free layer, g(h) is the angular dependence of spin torque transfer efficiency, and p is the spin polarization of the current. As E B is set by the thermal stability requirements of the device (typically E B > 50 k B T), further reductions require decreasing a and increasing g(h)p as in recent demonstrations of STT switching of perpendicular anisotropy CoFeB/MgO/CoFeB tunnel junctions. 3 For current pulses of finite time (s), modeling and experiments of fast time switching of perpendicular anisotropy nanopillars show that
where I C is the current required to reverse the magnetization and the parameter A governs the switching rate. 4, 5 In this letter, we describe STT-driven switching of exchange coupled magnetically hard/soft bi-layer as the free layer. Such composite structures have been extensively studied for their efficiency for magnetic field switching, particularly for magnetic recording [6] [7] [8] [9] and for microwave assisted magnetic recording. 10 The model used in the present calculation is schematically depicted in Fig. 1 . The reference layer is fixed in the calculations. The free layer has a relatively soft layer #1 that interacts with the reference layer via the STT interactions. The soft layer is ferromagnetically exchange coupled (J ex ¼ 0.2-5 ergs/cm 2 ) to the magnetically harder layer #2 having relatively higher magneto-crystalline anisotropy. 11, 12 For the examples discussed in this paper, the soft layer has identical parameters as the hard layer, except with magneto-crystalline anisotropy K U reduced by a factor of $ 7 relative to the hard layer. We further alter the damping parameters of hard and soft layers for selected calculations.
We run time-domain simulations of both current and field induced switching dynamics for the composite free layer by solving the Landau-Lifshitz-Gilbert (LLG) equation modified to include spin-torque term. We assumed that there is no spin torque interaction between layers #1 and #2 such that the spin-torque interaction from the reference layer only affects layer #1 of the composite layer. We have performed both macrospin (where each layer of the composite is treated as a macrospin) and micromagnetic simulations and have verified that the results are self-consistent. The micromagnetic simulations used the LLG Micromagnetics Simulator where the magnetic layers were discretized into 4 Â 4 nm 2 squares. For both simulations, we assume the symmetric Slonczewski approximation for g(h) ¼ q A SS þ B SS cosðhÞ , where A SS and B SS are functions of polarization P that approximate a metallic spacer. 13, 14 We also performed macrospin calculations using g(h) ¼ g 0 which more closely represents a tunnel junction.
An example time trace showing reversal of the composite free layer is shown in Fig. 1 for J ex ¼ 1 erg/cm 2 and I ¼ 433 lA. As a result of the finite exchange between the hard and soft layers, the softer layer (dashed line) responds more strongly to the STT interaction as compared to the hard a)
Author to whom correspondence should be addressed: Electronic mail: efullerton@ucsd.edu. layer (solid line) leading to larger precession angles prior to reversal. The soft layer initializes reversal as seen most clearly in the M z scan. This behavior is similar to that observed in microwave assisted magnetic recording simulations for composite structures. 10 To quantify the efficiency of this approach for spin-torque reversal, we compare the dependence of E B , the coercive field H C , and the critical current for reversal (I C ) on the interlayer exchange coupling (Fig. 2) . Each quantity is normalized to the values for large J ex where the free layer can be considered a single macrospin.
We calculate E B for the composite system using an approach described in Ref. 15 . E B is only weakly dependent on the exchange coupling ( Fig. 2(a) ) decreasing less than 10% down to J ex ¼ 0.4 ergs/cm 2 . We also see a decrease in H C of the free layer ( Fig. 2(a) ) with decreasing exchange coupling from the strong-coupling limit until a minimum is reached at approximately 2.5 ergs/cm 2 and then increases quickly with further decrease of the coupling. This behavior, in agreement with previous experimental data 16 and theoretical modeling, 17, 18 results from incoherent reversal of the composite structure. A similar but enhanced behavior is obtained for STT switching. We assume square write pulses of duration (s) and determine the minimum current for reversal. Results for s ¼ 20 ns and s ¼ 2 ns are shown in Figs. 2(a) and 2(b) , respectively. The soft layer is initiated with a $ 0.6 tilt in magnetization away from the easy axis. There are strong reductions in I C with reduced coupling strength that depend on both the functional form of g(h) and s. For the constant g(h), the parallel-to-antiparallel (P-to-AP) and AP-to-P switching are equivalent, and we see a 50% and 40% reduction of the critical current relative the strong coupling limit for 20 and 2 ns, respectively. For the Slonczewski form of g(h), there is a strong difference between P-to-AP and AP-to-P switching, particularly at longer pulse times where the composite structure is more effective in reducing the P-to-AP current for low coupling strengths. As the P-to-AP switching is the least efficient, i.e., requiring greater current to induce switching of the magnetization, this reduces the asymmetry when comparing I C for P-to-AP versus AP-to-P switching.
This difference in AP-to-P and P-to-AP switching is also seen in micromagnetic calculations (Fig. 3) where we calculate I C vs. s for J ex ¼ 1 ergs/cm 2 compared to the reference model where J ex ¼ 10 ergs/cm 2 . In the simulation, we use an AP reference layer to minimize the dipolar interaction of the reference and free layers. 12 The results in Fig. 3 are plotted as 1/s vs. I C . The simulated results generally follow the expectations of Eq. (2) and only deviate somewhat for the shortest pulse durations. For switching from AP to P, we observe only a small change of I C0 (the x-axis intercept) but an increase of a factor 2 in the A parameter for the composite structure. This results in significantly reduced current at finite pulse widths reaching a 50% reduction in the critical current at 1 ns. For P-to-AP switching, we see a roughly two-fold decrease in I C0 for the coupled bi-layer in addition to modest increase in A. Again, we see a roughly 50% decrease in the switching current at 1 ns. For both orientations, we observe that the critical current is more strongly reduced compared to the reduction in E B . While the general trends observed in Fig. 3 are maintained for different J ex (and also observed in macrospin calculations), the detailed behavior of I C0 and A depend on the interlayer coupling.
The general trends shown in Figs. 1-3 can be understood from the angular dependence of the spin-torque interaction. The soft layer moves out of the P or AP orientation relative to the reference layer much faster than the hard layer (Fig.  1) . As the soft free layer moves, there is an increase in the spin-torque N st which depends on g(h)sin(h).
14 For the symmetric Sloncewski form of g(h), there is a stronger increase in N st with angle for AP-to-P switching. Only small angles are needed for the soft layer to effectively pull the hard layer and the optimum coupling is relatively strong (Fig. 1(a) ). Conversely, for P-to-AP switching, the increase in N st is weaker such that larger deviations of the soft layer are needed and the optimum coupling is weaker so that the composite layer is more effective. The case for a constant g(h) is in between these limits.
An additional benefit may arise using a composite bilayer when a is unequal in the soft and hard layers. The damping of the soft layer plays a greater role in determining the effective damping of the structure and hence the switching current. Using the macrospin model, we simulate the switching behavior of the composite bilayer for different combinations of damping parameter values (Fig. 4) . For these calculations, we use a relatively large s ¼ 100 ns such that I C is dominated by I C0 . If we increase the damping in both layers, I C is proportional to the damping as expected from Eq. (1). Increasing either the damping parameter of the soft layer (a soft ) or the hard layer (a hard ) while holding the other layer fixed at 0.01 also yields a linear increase in I C . However, the slope is shallower when increasing the damping in the harder layer. For example shown in Fig. 4 , a 10-fold increase in a soft yields a 7-fold increase in I C where a 10-fold increase in a hard yields only a 4.50-fold increase in I C . This property may have important practical applications as many recent experiments have shown a and K U to be positively correlated. 3, [19] [20] [21] [22] [23] [24] In conclusion, we described modeling of spin-transfer-torque reversal in nanopillars with strong out-of-plane magnetic anisotropy where the free layer is a magnetically hard-soft composite structure. We find for modest coupling between the hard and soft layers that there is a reduction in I C0 and an increase in A which results in improved switching efficiency without a corresponding reduction in E B . The reduction in critical current comes from the increased STT efficiency acting on the soft layer combined with incoherent reversal of the composite structure. As such, the switching current is relatively insensitive to the damping parameter of the magnetic hard layer. These properties make these structures promising candidates for spintransfer-torque based magnetic memories.
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